In order to determine the relative importance of the role played by inelastic excitations and transfer channels of the colliding nuclei, in near-barrier fusion enhancement, the fusion cross sections have been measured for 12 Cϩ 194,198 Pt in the energy range of 0.9рE/V B р1.2. Additional data of quasielastic and nucleon͑s͒-exchange cross sections have also been measured at an energy of 1.2V B . The strength of transfer form factors required for the simplified coupled-channels calculations has been obtained from the transfer reaction measurements using a semiclassical approach and calculations based on complex WKB approximations. Coupled-reactionchannels calculations have been performed to explain the complete data set that included fusion, quasielastic, and transfer cross sections. The dominant contributions to the enhancement of fusion cross section compared to a one-dimensional barrier-penetration model arise from coupling to inelastic channels. It has been shown for the first time that the lighter isotope (
I. INTRODUCTION
Enhancement of fusion cross sections ( f us ), broadening of compound nuclear l distributions, and the threshold anomaly in elastic scattering at energies around the barrier are all related phenomena and arise due to the coupling of the relative motion with various degrees of freedom of the colliding nuclei ͓1͔. The enhancement of fusion cross section in comparison to the prediction of a one-dimensional barrierpenetration model is known to increase with increasing deformation of the projectile/target and decrease of separation energy of the neutron (S n ) that is transferred between the colliding nuclei. Studies made with a fixed projectile on different isotopes have found a larger enhancement of fusion for the heaviest target isotope and correlation with positive Q-valued transfer reactions ͓1-6͔. In the majority of cases studied across an isotopic series ͑except Ref. ͓5͔͒, the target deformation increases while the neutron separation energy decreases with the increase of isotopic mass. Smaller values of neutron separation energy lead to relatively more positive Q-valued neutron-transfer reactions. Since the factors described above lead to larger enhancement in fusion cross section for the heaviest target isotope, it is difficult to isolate the role of transfer channels from inelastic excitations unambiguously in influencing the fusion process. Recent experiments selected nuclei with specific properties to study the relative importance of inelastic excitations against neutron transfer reactions in sub-barrier fusion enhancement ͓5-8͔. In 40 Caϩ 90, 96 Zr ͓6͔, both 90, 96 Zr have similar nuclear structure but different neutron-transfer Q values. The neutron transfer channels in 40 Caϩ 90 Zr system have negative Q values. The very large enhancement observed in 40 Caϩ 96 Zr was attributed to strong coupling of sequential multinucleon ͑positive Q-valued͒ transfer channels. The lighter isotope of Ti in 40 Caϩ 46, 48, 50 Ti systems ͓5͔ is more deformed while transfer reactions with the heavier target have larger positive Q values. The heaviest isotope, though least deformed showed more enhancement in fusion cross section at energies near the barrier for this case as well. The larger fusion enhancement observed in 32 S ϩ
110
Pd ͓7͔ compared to 36 S ϩ
Pd was again shown to be related to larger neutron pickup transfer cross sections. However, the fusion data for 40 To understand the influence of nuclear structure in the fusion process at near-barrier energies it is important to make a complete study of various reaction channels. There are very few cases in the literature where a complete data set of the required type exists. For coupled channels ͑CC͒ calculations the inelastic form factors can be calculated using closed expressions ͓10,11͔ obtained from collective models. In the case of transfer reactions knowledge of the spectroscopic factors is required to obtain the strength of transfer form factors. The transfer strength is usually treated as a parameter in the absence of this information and is adjusted to reproduce the fusion data. The role of transfer couplings can be studied quantitatively by measuring the transfer data, which in turn require quasielastic ͑QE͒ angular distribution measurements to obtain the optical model parameters.
In this work we report the measurement of fusion cross sections, compound-nucleus average angular momenta derived from the measured evaporation residue ͑ER͒ ratios at near-barrier energies and associated measurements of fewnucleon transfer along with the quasielastic angular distributions at an energy of 73.5 MeV. The transfer angular distributions have been analyzed using an improved semiclassical approach ͓12͔ to extract the strength of the transfer form factor required for coupled channels calculations. A calculation based on the complex WKB ͑CWKB͒ approximation ͓13͔ has been performed to explain the transfer angular distribution and extract the strength of the transfer form factors. Results of the fusion measurements have been compared with simplified coupled-channels calculations ͓14͔ incorporating inelastic and transfer couplings. The fusion-barrier distributions have been deduced both from the fusionexcitation function ͓15,16͔ and the QE excitation function measured at backward angles ͓17,18͔ and have been compared with the coupled channels calculations incorporating higher-order coupling terms ͓19͔. A complete coupledreaction-channels calculation has been performed to explain simultaneously the elastic ͑includes target inelastic states͒, transfer, and fusion data. This paper is organized as follows. In Sec. II the experimental setup together with the experimental data are presented. In Sec. III A, analysis of fusion data along with the transfer data is given. Semiclassical and complex WKB methods of treatment of transfer channels are discussed. The deduced fusion barriers are discussed in Sec. III B. The detailed coupled-reaction-channels analysis is presented in Sec. III C followed by conclusions in Sec. IV.
II. EXPERIMENTAL DETAILS AND RESULTS

Fusion-excitation functions for
12 Cϩ 194, 198 Pt systems have been determined by summing the measured evaporation residue and fission cross sections ͓20-22͔. The measurements for the evaporation residues have been made by counting off-line gamma activity.
12 C beams were obtained from the 14UD BARC-TIFR Pelletron accelerator facility at Mumbai and the measurements were carried out in the energy range of 55-75 MeV. For the off-line measurements, self-supporting rolled foils of 194 Pt ͑97% enriched and 1 mg/cm 2 thick͒ and
198
Pt ͑97% enriched and 1.3 mg/cm 2 thick͒ were used as targets. The targets were backed by Alcatcher foils of thickness 2 mg/cm 2 to stop the residues. The typical beam currents were around 20 pnA. The mean charged-state of the beam after passing through the target was obtained from measured charge state distributions ͓23͔. The small time variation of the beam current was taken into account for estimating evaporation-residue cross sections. The ␥ activity was measured using efficiency-calibrated HpGe detectors of active volumes 60, 80, and 125 cm 3 . For improved accuracy and to remove any interference of ␥ rays arising from any other source, the ER cross sections were deduced after following the decay for several half-lives and using more than two gamma-ray transitions for identifying each ER. In some cases, the cross-section values were confirmed by following the decay of the daughter nucleus. The statistical error on ER cross sections is Ϸ1 -3 % at higher energies and at the lowest energies it is 5-8 %. The errors arising from uncertainties in branching ratio of the ␥ decay and efficiency of the HPGe detector is 3-5 %. The evaporation-residue cross sections are shown in Fig. 1 
͓22͔.
Fission cross sections for 12 Cϩ 194, 198 Pt have been measured in the energy range from 55 to 85 MeV using three surface-barrier telescopes. The details of the experimental At lower energies the fusion cross section is determined entirely by neutron evaporation channels. Contributions from charged-particle evaporation channels at near-barrier energies are estimated from statistical model ͑SM͒ calculations to be negligible (Ͻ1%) ͓22͔. At higher energies, contributions from the charged-particle evaporation channels to fusion are estimated to be less than 10% of the total fusion cross section. The measured fusion cross sections are tabulated in Table II and are shown in Figs. 3 and 4. The first moments of the compound nuclear angular momentum distributions for 12 Cϩ 194, 198 Pt have been derived from the ratios of the measured ERs using the SM code PACE ͓25͔ ͑Fig. 5͒. The procedure followed ͓26͔ utilizes the fact that the relative fractionation of ERs resulting from the decay of a compound nucleus at a given excitation energy depends upon the initial angular momentum distribution ͑along with the density of final states and penetration factor͒.
The angular distributions for one-and two-neutron pickup and one-and two-proton stripping channels have been measured at 73.5 MeV for 12 Cϩ 194, 198 Pt. The measurements have been made using three surface-barrier telescopes with the E detectors of thickness 300 m each and ⌬E detectors of thicknesses 35, 40, and 46.8 m. The angular range covered during the experiment was from 40°to 125°that corresponds to the distance of closest approach (D 0 ) for a Coulomb trajectory from 18.9 fm to 10.5 fm. The angular spread ⌬ was kept small (0.6°). A 300-m Si surface-barrier detector placed at 30°with respect to the beam direction was used for normalization. The total energy E was obtained by summing signals from the ⌬E and E detectors after performing a proper gain matching of the detector signals. Particle identifier ͑PI͒ vs E spectra were generated using the algo- The measurements for quasielastic excitation function at fixed angles for obtaining the barrier distribution have been made using three surface-barrier telescopes (ϳ⌬E ϭ12 m, Eϭ300 m ) covering an energy range of 54-75 MeV, in steps of 1 MeV. A monitor detector was kept at 30°for normalization purposes. The measurements have been made with detector telescopes placed at fixed angles of 130°, 150°, and 170°.
III. ANALYSIS AND DISCUSSION
The fusion data have been analyzed within the framework of simplified coupled channels and exact coupled-reactionchannels models. For the simplified coupled-channels calculations the strength of transfer form factors (F 0 ) have been extracted from the measured transfer data ͓12,13͔. In the case of exact coupled-channels calculations, the spectroscopic factors for specific states have been obtained from the literature ͓28͔. The average angular momentum values extracted from the experiment have been compared with the calculations using simplified CC approach discussed below. 
A. Simplified coupled-channels calculations for fusion
In the simplified coupled-channels model proposed by Dasso et al. ͓29͔ fusion cross section is obtained by calculating transmission through the barriers that are modified by coupling of the incident channel to the other direct reaction channels. The calculations have been carried out using the code CCDEF ͓14͔, which is a modified version of the code CCFUS ͓30͔. The geometry of the nuclear potential for the calculation has been obtained from the global Winther parametrization for Woods-Saxon potentials ͓31͔. The depth of the nuclear potential was varied to reproduce the high-energy experimental fusion cross sections before including couplings to the nonelastic states.
͑a͒ Coupling to inelastic channels. The inelastic states of targets and projectile have been coupled using the vibrational model, calculating the coupling strength from the collective model. The single-phonon 2 ϩ and 3 Ϫ states of the target and 2 ϩ state of the projectile (␤ 2 ϭ0.59 and E x ϭ4.44) have been included in the calculation. The deformation parameters and corresponding excitation energies ͓11͔ for 194, 198 Pt are listed in Table I .
͑b͒ Coupling to transfer channels. The strength of transfer form factor F 0 has been obtained using two different methods. In the first method the slope anomaly in transfer probability ( P tr ) is explained by including both the nuclear and the Coulomb branches of the classical deflection function ͓12͔. The nuclear potential required for this calculation has been obtained by fitting the QE scattering angular distribution using the optical model code SNOOPY ͓32͔. The QE scattering events have been obtained by summing elastic, inelastic, and Q-integrated transfer channels (ϩ1n,ϩ2n,Ϫ1p, Ϫ2p). The semiclassical calculations for one-and twoneutron pickup channels and one-and two-proton strip-off channels for 12 C ϩ 194, 198 Pt systems are shown in Figs. 6 and 7, respectively. Also shown in these figures are results using only the Coulomb branch of the deflection function. It can be seen clearly that with the Coulomb branch alone, the transfer probability cannot be explained for two-nucleon transfer reactions. The transfer strengths F 0 have been extracted from transfer probabilities using a semiclassical model ͓33-35͔ and are listed in Table III . The form factor is assumed to have the form F(r)ϭF 0 e ␣(rϪR B ) for rϾR B , where F 0 is the value at the barrier radius. The slope parameter ␣ is written as ␣ϭ(1/ប)(2B) 1/2 , where and B are the reduced mass and binding energy corrected for Coulomb effects ͑for charged particles͒ of the transferred particle͑s͒ in the target and projectile. Since discrete states could not be resolved, Q-integrated probability for each of the transfer channels has been obtained. Further, it has been assumed that F 0 is constant over the range of states of interest.
In the second approach ͓13͔, the relative motion between the reactants has been treated in CWKB approximation for 12 C ϩ 194, 198 Pt. The strength of transfer form factor is obtained after explaining the transfer angular distribution. The transfer cross sections are obtained in the CWKB approximation starting from the conventional distorted-wave Born approximation and assuming that the transfer takes place between the entrance and exit channel. The geometry of nuclear potentials used for calculating the phase shifts have been obtained from Winther parametrization ͓31͔. 194, 198 Pt. The F 0 values deduced from this analysis are listed in Table III . It can be noted from Figs. 6-9 and Table III that even though the transfer cross sections are significantly different for the two systems, the corresponding F 0 values are similar within the experimental errors for the respective transfer channels. The two sets of F 0 values from the two methods do not differ significantly from each other. This implies that absorption effects are not very important in the treatment of transfer channels.
The influence of inelastic and transfer channels in enhancing the fusion cross section has been studied by coupling inelastic and transfer channels separately in the CC calculations. Shown in Fig. 12 are the fusion cross sections resulting from these calculations plotted after dividing by the values obtained from one-dimensional barrier-penetration model at the corresponding energies. This figure shows that coupling to collective states is the dominant mechanism for fusion enhancement in the Pt isotopes with 12 C projectile. Proton transfer channels, due to their large negative Q values, were found to have a negligible effect on fusion enhancement. The height (V B ), position (R B ), and curvature (ប) of the uncoupled barriers for the two systems are listed in Table IV . The results of CCDEF calculations for the mean value of the CN angular momentum distribution are displayed as solid curves in Fig. 5 .
In Fig. 12 , the ratio of experimental fusion cross section to the prediction of one-dimensional barrier-penetration model is plotted as a function of center-of-mass energy for 12 Cϩ 194, 198 Pt. From this figure it can be seen that the enhancement of fusion cross section is significantly higher for the more collective 194 Pt target as compared to that for 198 Pt. This in essence implies in a model-independent way that collective degrees of freedom are dominant in influencing near-barrier fusion in the present case.
B. Fusion barrier distribution
In the earlier section the enhancement in f us and broadening of angular-momentum distribution at sub-barrier energies have been explained on the basis of coupled-channels calculations based on an eigenchannel approach. A more FIG. 12 . The CC calculations obtained by coupling inelastic channels ͑dotted and dashed-dot curves for 12 Cϩ 194, 198 Pt, respectively͒ and transfer channels ͑dashed and long-dashed curves for 12 Cϩ 194, 198 Pt, respectively͒ separately are plotted as a function of center-of-mass energy. The cross sections are divided by the values obtained with one-dimensional barrier-penetration model prediction. Ratio of the experimental f us ͑triangles and circles are, respectively, for 12 Cϩ 194, 198 Pt) and that from the coupled-channels calculation with all channels coupled ͑solid curve͒ to the f us obtained from the one-dimensional barrier-penetration model is also shown. sensitive way for displaying the fusion data is the second derivative of the product f us ϫE, with respect to the energy, in general identified as the distribution of fusion barriers ͑DB͒ ͓15,16͔. Following the method of Refs. ͓15,16͔, the barrier distribution has been extracted from the fusionexcitation functions measured for 12 C ϩ 194, 198 Pt in the energy range of 55ϽEϽ74 MeV. From Figs. 13 and 14 it is seen that the DB for 12 C ϩ
198
Pt is marginally compressed and the peak is slightly shifted toward higher energies as compared to 12 C ϩ 194 Pt. The solid curve is obtained from the simplified coupled-channels calculation described in Sec. III A with the energy step-size of 1 MeV. The transfer channels are found to have a negligible effect on the shape of the DB.
Using the approach suggested in Ref. ͓17͔, the DB was also obtained from the energy derivative of the quasielastic scattering cross sections. The results are displayed in Fig. 13 and Fig. 14 for the data taken at the scattering angle of 170°. The experimental DB from the fusion data and from the CC calculations are in good agreement with each other for both 12 Cϩ 194, 198 Pt ͑Figs. 13 and 14͒. The experimental DB obtained from the two different methods are in reasonable agreement for 
C. Coupled-reaction channels analysis
In the simplified CC calculations described above, only the fusion data are explained. In order to achieve a complete understanding of the fusion dynamics, it is necessary to explain other reaction processes like elastic scattering and direct reactions along with fusion. A complete coupledreaction channels ͑CRC͒ calculation using the code FRESCO ͓36͔ has been performed to explain the fusion, elastic scattering ͑plus inelastic to low lying target states͒ and transfer reaction ͑one neutron pickup and one-proton stripping͒ data. The potential parameters that explain the elastic, transfer, and fusion data measured at a high energy ͑73.5 MeV͒ for 12 Cϩ 194, 198 Pt have been used to calculate fusion cross sections over the range of energies around the fusion barrier.
The four inelastic states coupled to the entrance channel are the 2 ϩ , 3 Ϫ states of the projectile and target. The two transfer partitions included in the calculations correspond to one-neutron pickup and one-proton stripping channels. All the nonelastic channels are coupled to the entrance channel only. The inelastic states have been treated as collective ͑vi-brational͒. The spectroscopic factors (C 2 S) for transfer channels used in the calculations are listed in Table V 194, 198 Pt have been deduced from the measured transfer angular distributions. The simplified coupled channels calculation including all important inelastic and nucleon-transfer channels adequately explains the observed enhancement in the fusion cross sections and the broadening of the angular-momentum distribution as compared to the one-dimensional barrier-penetration model. The strength of transfer form factors that contain the spectroscopic information is similar for both the systems and is weakly coupled to the entrance channel. The difference in sub-barrier fusion cross sections between 12 Cϩ 194, 198 Pt systems is due to different collective degrees of freedom associated with the target nuclei. The coupled-reaction-channel calculations including important inelastic channels (2 ϩ , 3 Ϫ states of the target and projectile͒ and transfer channels ͑one-neutron pickup and one-proton stripping͒ have been performed. These calculations explain simultaneously the fusion, transfer, and elastic data ͑plus inelastic to low-lying target states͒ and also show the role of transfer channels to be negligible in affecting the sub-barrier fusion enhancement. The experimental fusion-barrier distributions deduced from the fusion data are in good agreement with the coupledchannels calculations for both the systems. Comparison of calculations including higher-order coupling terms indicates that projectile excitation does not give rise to a prominent higher-energy peak in the barrier distribution. The distribution of fusion barriers obtained from the quasielastic data for 12 Cϩ 198 Pt is broader than those deduced from the fusion data and the coupled-channels calculations.
In the present case where only one-and two-nucleon transfer reactions are important, the results clearly indicate that coupling to the collective degrees of freedom is the most dominant mechanism in influencing the fusion cross sections at energies near the fusion barrier for 12 Cϩ 194, 198 Pt systems. This is the first example involving two isotopes of a given target where it is clearly demonstrated that the lighter isotope that is more collective in terms of deformation is the one that exhibits more enhancement of fusion cross section at nearbarrier energies as compared to the heavier isotope. FIG. 16 . Transfer angular distribution for one-neutron pickup and one-proton strip-off reactions measured at E lab ϭ73.5 MeV for 12 C ϩ 194 Pt. Solid curve is the result of CRC calculation using the code FRESCO ͓36͔. 194, 198 Pt. R C is the parameter for Coulomb radius. V 0 , R 0 , and a 0 are depth, range, and diffuseness of the real part and V I , R I , and a I are depth, range, and diffuseness of the imaginary part of the optical-model potential used in the code FRESCO ͓36͔. 
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